Performance of coherent atmospheric optical communication system with heterodyne detection and LDPC codes was evaluated over atmospheric channel attenuations of which are about 20-30 dB/km. To reduce bit error and enhance the system performance LDPC code was implemented in system. Combining coherent detection and LDPC codes could reduce the received power requirement ~4 dBm at the BER of 10 -9 .
Introduction
Atmospheric optical communication system could be a promising option for applications requiring low cost, high bandwidth and enhanced security. However unfavorable weather conditions such as fog, rain and snow make it difficult to ensure the quality of the communication using atmospheric optical communication system.
Soft-decision forward error correction (FEC) is becoming practical in coherent receivers [1] . Low-density parity-check (LDPC) codes, first proposed by Gallager in the 1960's [2] , could help improve the system performance [3] [4] [5] and is a good candidate for a strong soft-decision based FEC.
Rain may cause channel attenuations up to 20-30 dB/km at a rain rate of 150 mm/h [6] . In this paper, the system performance was evaluated in such weather condition. The coherent atmospheric optical communication system proposed and demonstrated implemented heterodyne detection in receiver which helped improving the sensitivity and optimizing system performance. A rate-5/6 (redundancy 20%) π-rotation LDPC code [7] [8] was adopted in system because of its less encoding process complexity and easy hardware implementation. The bit-error ratio (BER) performance of LDPC-coded coherent atmospheric optical communication system was studied and compared with the system which does not employing LDPC codes. The system sensitivity was increased according to the comparison results. The received power required at the receiver decreased to around 4 dBm at the BER of 10 -9 .
Low-density Parity-check Codes
Low-density parity-check (LDPC) codes are linear block codes whose parity-check matrix H is sparse which means it has a low density of ones. In brief, there are two sets of methods to construct LDPC codes. One set of methods is based on random constructions, while the second based on algebraic constructions [9] . LDPC codes produced by random construction have the near Shannon limit error performance. However it is quite difficult to implement the randomly constructed LDPC codes in hardware because of the encoding and decoding complexity introduced by random construction. The algebraically constructed LDPC codes are more suitable for hardware realization. The π-rotation LDPC codes are one of algebraically constructed LDPC codes introduced in as a class of quasi-regular LDPC codes. Its construction is based on the π-rotation structure using a single permutation matrix to define the code. Since the encoding process of π-rotation LDPC code is of less complexity and implemented easily in hardware, the π-rotation LDPC code was the soft-decision FEC used in the proposed transmission system.
To evaluate the performance of the LDPC-coded coherent atmospheric optical communication using heterodyne detection, a transmission system was set up as illustrated in Fig. 1 . The transmitter consisted of a pseudo-random bit sequence (PRBS) generator, a LDPC encoder, a CW laser and one chirp-free Mach-Zehnder Modulator (MZM). The laser employed as light source in the system was a tunable CW laser with tuning rage from 1520 to 1600 nm with 50 kHz linewidth. The PRBS generator generated one 2 11 -1 pseudo-random binary sequence encoded in the LDPC encoder using π-rotation LDPC codes of code rate r=5/6. A 10 Gbit/s NRZ electrical pulse train based on the encoded bit stream was produced by the NRZ pulse generator. Light from the laser which had set its centre frequency at 193.4THz was modulated in chirp-free Mach-Zehnder Modulator (MZM) driven by the 10 Gbit/s NRZ signal. NRZ-DPSK signal was generated. The optical spectrum for the light source is shown in Fig. 2 .
A 0.2nm narrow-band optical filter was used to depress the background noise in the received optical signal transmitted through the atmospheric channel. Then the received optical signal was mixed with a local oscillator in the 90º optical hybrid mixer. The centre frequency of the local oscillator was set at 193.45THz and the linewidth of the local oscillator was 50 kHz also. The heterodyne detection was achieved. The output from the mixer was fed to the balanced detector circuit. The PSK demodulation was accomplished by PSK demodulator. Low-pass filter helped suppress the noise. LDPC decoder first sampled and quantized the received NRZ electrical signal demodulated from the former circuit. The LDPC decoder output a binary stream of which the length was the same as the binary sequence produced by the PRBS generator. BER was calculated by the BER analyzer. Eye pattern could also be observed before LDPC decoding. In the proposed system the uniformly most powerful (UMP) BP-based algorithm [10] was implemented in LDPC decoder. 
Numerical Results
Limited by the experimental conditions, we assessed the performance of the proposed system by exploiting simulation platform. We simulated the performance of the coherent atmospheric optical transmission system with different atmospheric channel attenuation characteristics. The transmission range was set to 1 km. The aperture diameter of the transmitter telescope was 50 mm and the aperture diameter of the receiver telescope was 200 mm. The BER curves in Fig. 3 illustrate the comparison of the LDPC-coded atmospheric optical transmission systems with coherent heterodyne detection and direct detection. When BER equaled to 10 -3 , the received power of the system was about -44.5 dBm using direct detection and -46.6 dBm using coherent heterodyne detection. The received power decreased about 2 dBm at the BER of 10 -3 . The receiving sensitivity was improved.
Finally degradation in performance of the atmospheric optical transmission systems caused by the atmospheric attenuations due to weather effects was investigated. The atmospheric attenuation factor was adjusted range from 20 to 30 dB/km. It helped us analyze the impact of the atmospheric attenuation on system performance. All other atmospheric channel parameters were set to be the same as before. To calculate the BER of the transmission system the signal input into the LDPC decoder was first sampled and quantized. Then the sampled and quantized signal was used to get a decision train with hard decision. We computed the BER which was represented by the blue curve in Fig. 4 by comparing the decision train got from hard decision with the binary sequence generated by the PRBS generator. The green curve in Fig. 4 was obtained by comparing the decoded bit stream output from the LDPC decoder with the binary sequence generated by the PRBS generator. The decision train, the decoded bit stream and the binary sequence had the same length. Fig. 4 illustrated that LDPC codes would help correct error bit and improve the BER performance dramatically. When
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the received power was beyond -47.4 dBm the system could achieve the BER of 10 -12 when LDPC decoding was accomplished. At the BER of 10 -9 the received power of the system decreased about 4 dBm.
Conclusion
We studied the performance of the coherent atmospheric optical communication system over the atmospheric channel of which the attenuation factor was at 20-30 dB/km. The LDPC-coded coherent atmospheric optical communication system that we proposed worked efficiently and steadily. It was demonstrated that coherent heterodyne detection could, to some extent, improve the receiving sensitivity of the system. The received power of the coherent atmospheric optical communication system could decrease ~2 dBm at the BER of 10 -3 compared with the direct detection atmospheric optical communication system. Moreover, the LDPC codes employed as a soft-decision FEC in transmission system would help reduce the bit error to a certain degree. Exploiting coherent heterodyne detection with soft-decision FEC in atmospheric optical communication system could lower the received power and bit-error ratio. The required received power for the system reduced ~4dBm at the BER of 10 -9 . The performance of the system was quite acceptable.
Figure3. BER curves for coherent detection and Figure4. The BER performance for the system direct detection. with and without LDPC decoding.
